Purpose -The concept of resilience has emerged recently in scientific debate. The aim of this paper is to outline different notions of the term resilience and explore how the concept of resilience can be applied in order to foster the understanding of complex systems in a learning environment. Design/methodology/approach -Characteristics of the resilience concept used in scientific literature are outlined and a methodology is presented that enables an educated decision to be made upon selection of an indicator set for a resilience assessment. Findings -In this paper, it is argued that vulnerability as well as adaptability shall be the two core components of the resilience concept. It is proposed that resilience is therefore formalised as a function of adaptability and vulnerability. Originality/value -Definitions of resilience, vulnerability and adaptability are very much interlinked and it seems to be not always clear where the line between the different terms is. A novel framework is proposed to foster the understanding of the interlinkage between these three terms in interdisciplinary education, and to cluster indicators to assess system resilience.
of "traditional" resilience in material sciences occurs as the modulus of resilience, defined as the maximum energy that can be absorbed without creating a permanent deformation.
More recently a wider concept of resilience has emerged. The obviously very figurative and inspiring term was first taken up by Holling (1973) to describe ecosystems, and has since then been used in other contexts, increasingly in social sciences in recent times, to describe community or individual resilience. In the scope of this paper resilience is defined as the capacity or ability of a system to persist after disturbance and to reorganize or emerge while sustaining essentially the same function. Table I shows the broad variety of definitions of resilience. Some authors are even moved to argue that, after 30 years of academic analysis and debate, the definition of resilience has become so broad as to render it almost meaningless (Klein et al., 2003) . Clearly, it can be said that resilience is becoming increasingly important for approaches fostering sustainable development. In the course of this paper it will be argued that resilience, in general, may be seen as a framework for understanding how to reduce vulnerabilities and strengthen adaptive capacity in a complex and changing environment.
Given the broad diversity of concepts it is tricky to identify common characteristics, however most definitions emphasise a capacity for successful adaptation in the face of disturbance, stress, or adversity. Norris et al. (2008) concludes that a general consensus exists on two important properties of the definitions of resilience in literature:
(1) resilience is better conceptualised as an ability or process than as an outcome; and (2) resilience is better conceptualised as adaptability than stability.
A first step towards grasping the resilience concept in a leaning environment is to discuss the fundamental properties and principles of the analysed system. To foster a common understanding of resilience in the context of complex systems, the following core principles have been identified:
. a changing environment is given;
. systems are too complex to understand or map all interdependencies; and . there is not only one equilibrium state in existence -change is the normal state.
Resilience is therefore a learning process and recognises that no ideal steady state exists.
The emergence of the resilience concept becomes clearer to learners when one compares the opposing understandings in ecosystems and engineering.
Resilience in ecosystem sciences -the adaptive renewal cycle model The novel annotation of resilience was first framed by Holling (1973) in ecosystem sciences.
A concept often cited when referring to ecosystem resilience is the adaptive renewal cycle, first framed by Holling (2001) . The adaptive renewal cycle is a heuristic model, generated from long-term observations of ecosystem dynamics (e.g. succession of species), in four phases (Figure 1 ) of development driven by discontinuous events and processes (Folke, 2006): Exploring the concept of resilience
First author (year)
Level of analysis Definition Gordon (1978) Physical The ability to store strain energy and deflect elastically under a load without breaking or being deformed Bodin (2004) Physical The speed with which a system returns to equilibrium after displacement, irrespective of how many oscillations are required Holling (1973) Ecological system
The persistence of relationships within a system; a measure of the ability of systems to absorb changes of state variables, driving variables, and parameters, and still persist Longstaff (2005) Ecological system
The ability by an individual, group, or organization to continue its existence (or remain more or less stable) in the face of some sort of surprise [. . .] . Resilience is found in systems that are highly adaptable (not locked into specific strategies) and have diverse resources Resilience Alliance (2006) Ecological system
The capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure and feedbacks -and therefore the same identity (www. resalliance.org/564.phpm, 16 October 2006) Bruneau (2003) Social
The ability of social units to mitigate hazards, contain the effects of disasters when they occur, and carry out recovery activities in ways that minimise social disruption and mitigate the effects of future earthquakes Brown (1996 Brown ( / 1997 Community The ability to recover from or adjust easily to misfortune or sustained life stress Sonn (1998) Community The process through which mediating structures (schools, peer groups, family) and activity settings moderate the impact of oppressive systems Paton (2001) Community The capability to bounce back and to use physical and economic resources effectively to aid recovery following exposure to hazards Ganor (2003) Community The ability of individuals and communities to deal with a state of continuous, long term stress; the ability to find unknown inner strengths and resources in order to cope effectively; the measure of adaptation and flexibility Masten (1990) Individual The process of, capacity for, or outcome of successful adaptation despite challenging or threatening circumstances Egeland (1993) Individual The capacity for successful adaptation, positive functioning, or competence [. . .] despite high-risk status, chronic stress, or following prolonged or severe trauma Butler (2007) Individual Good adaptation under extenuating circumstances; a recovery trajectory that returns to baseline functioning following a challenge Norris (2008) Community A process linking a set of adaptive capacities to a positive trajectory of functioning and adaptation after a disturbance Renn (2011) Community Countermeasure to uncertainties by avoiding irreversibilities and vulnerabilities Rose (2007) System The ability of an entity or system to maintain function (e.g. continue producing) when shocked Cutter (2008) Community Ability of a social system to respond and recover from disasters O'Brien (2010) System Ability to withstand and adjust to disruptions whilst still retaining function System Capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity, and feedbacks Rose (2009) Economic Process by which a community develops and efficiently implements its capacity to absorb an initial shock through mitigation and to respond and adapt afterward so as to maintain function and hasten recovery, as well as to be in a better position to reduce losses from future disasters (1) periods of exponential change (the exploitation or r phase, depicted as the upward slope in following the a phase); (2) periods of growing stasis and rigidity (the conservation or K phase); (3) periods of readjustments and collapse (the release or V phase); and (4) periods of re-organization and renewal (the a phase):
Resilience is not only about being persistent or robust to disturbance. It is also about the opportunities that disturbance opens up in terms of recombination of evolved structures and processes, renewal of the system and emergence of new trajectories. In this sense, resilience provides adaptive capacity that allow for continuous development, like a dynamic adaptive interplay between sustaining and developing with change. Too much of either will ultimately lead to collapse. It does not imply that resilience is always a good thing (Folke, 2006) .
A simple example is the succession of forests over grassland. After a period of "stasis" the forested area "collapses" due to an event (e.g. a fire or beetle infestation) and starts to re-grow from "grassroots" in essentially the same way, or a more fundamental system change ("revolt") takes place (for example desertification) with another pattern of renewal.
Resilience in engineering -the case of natural hazards research
In hazards research, the definition of resilience is refined to mean the ability to survive and cope with a disaster with minimum impact and damage. It incorporates the capacity to reduce or avoid losses, contain the effects of disasters, and recover with minimal (social) disruptions (Cutter et al., 2008) .
It can be understood as the time required by a system to "bounce back" to its previous state after an event. Figure 2 shows the notion of time resilience -the time an infrastructure needs to acquire its pre-event state. Additionally not only the speed of recovery but also the Source: Folke (2006) Exploring the concept of resilience pattern of recovery can be taken into account (Rose, 2009) . In a larger context, the possibilities of adapting or learning from an event and switching to another state are outside the boundaries of the engineering resilience framework.
Components of resilience -adaptive capacity, vulnerability
It becomes obvious from the above definitions that resilience, vulnerability and adaptability are very much interlinked and it is not always clear where the line between the different terms is. Vulnerability and resilience are somewhat generic concepts, and the underlying or driving factors often overlap, which makes a distinction between the two unclear (O'Brien et al., 2004) . Does vulnerability influence adaptive capacity, or does adaptive capacity determine vulnerability? Does decreasing sensitivity enhance adaptive capacity? Does reduced vulnerability always lead to increased resilience? In scientific literature, resilience is either perceived as:
. an integral part of adaptive capacity;
. as a main component of vulnerability; or . as a nested concept within an overall vulnerability structure (Cutter et al., 2008) .
To apply the interdisciplinary resilience concept in other areas, a stringent definition is needed. An widely acknowledged definition is given in climate sciences, that can be used as cornerstone to transform the concept to other applications. Two widely used and cited definitions of vulnerability and adaptation are laid out in the Intergovernmental Panel on Climate Change (IPCC) reports.
Adaptation, in the IPCC Special Report on Renewable Energy Sources (SRREN), is defined as:
Initiatives and measures to reduce the vulnerability or increase the resilience of natural and human systems to actual or expected climate change impacts. Various types of adaptation exist, for example, anticipatory and reactive, private and public, and autonomous and planned. Examples are raising river or coastal dikes, retreating from coastal areas subject to flooding from sea level rise or introducing alternative temperature-appropriate or drought-adapted crops for conventional ones (Verbruggen et al., 2011) . 
Concept of time resilience
Source: According to Tierney and Bruneau (2007) METJ 7,2/3 Hence, in the IPCC SRREN the authors define adaptation as a function of resilience and vulnerability:
adaptation A ¼ f ðResilience R; vulnerability V Þ Vulnerability, in the fourth IPCC Assessment Report, is defined as:
The degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change, including climate variability and extremes. Vulnerability is a function of the character, magnitude, and rate of climate change and variation to which a system is exposed, its sensitivity, and its adaptive capacity (Parry et al., 2007) .
Vulnerability is thus, in the fourth Assessment Report, defined as a function of exposure, sensitivity, and adaptive capacity: vulnerability V ¼ f ðexposure E; sensitivity S; adaptive capacity AÞ Another common notion of vulnerability is the "antonym of resilience" (Füssel, 2007; O'Brien et al., 2004) which would explicitly read as resilience ¼ 1/Vulnerability. At this point it can be argued that a framework including resilience in releation to vulnerability may possibly lead to conflicting "optimisation criteria". It can be argued that increasing diversity generally increases system resilience, but this in turn would inherently make the system more complex and therefore negatively affect system vulnerability and resilience.
In the scope of this paper vulnerability is the pre-event, inherent characteristics or qualities of the system that create the potential for harm (Cutter et al., 2008) . (For an extensive discussion of the different notations of vulnerability see Füssel (2007) or Hinkel (2011) ).
To articulate the relationship between vulnerability, resilience, and adaptive capacity, Cutter grouped the usage of the different notions of the terms in global environmental change and (environmental) hazards research. The difference between the two lies in moving from single stressors (hazards) to multiple stressors (global change). Being resilient to extreme events, disasters or catastrophes does not necessarily mean resilience against climate change as it unfolds on another timescale. Perceived in this way, complex systems (like the energy system) are not vulnerable to climate change, but to its impacts or effects. On the contrary, measures adapting to climate change (as well as to climate change impact) are very well possible.
Towards a common understanding for an applicable resilience assessment framework Resilience cannot be thought of as a theory, but as a "collection of ideas about how to interpret complex systems" (Wilson, 2012) .
However, as multiple approaches to sustainability do exist, an applicable approach for a resilience assessment is proposed to move the debate forward. This would also serve to foster the understanding of principal underlying drivers and dimensions of resilience.
A dual framework has been found to be a valuable starting point to frame the discussion, where:
(1) the understanding of vulnerability refers to a risk hazard approach, as pointed out, widely used in engineering and economic literature; and (2) adaptive capacity to actual or expected events.
Exploring the concept of resilience
The risk hazard approach can be applied to assess the risks to certain valued elements ("exposure units") that arise from their exposure to hazards of a particular type and magnitude. Second, a comprehensive concept of resilience needs to take into account not only the maintenance of function when facing external stress or disaster, but also a system's capability of adapting to positive "surprises" (compare also the definition of Longstaff in Table I ) in the short and long term. Consider that a "lock-in effect" in socio-technic systems can be observed in various areas, mostly due to efficiency gains and decreases in cost of an established process. In this case the deployment of innovation does not occur because structures do not adapt. A more resilient system is also able to adapt to newly emerging patterns and systemic change. From an engineering point of view this might be interpreted as the ability to adapt to technological change or innovation (whereas the traditional notion of engineering resilience assumes a pre-defined steady state that shall be reestablished after disturbance).
Consequently, vulnerability and adaptability are parts of the resilience concept. As pointed out, the capability of a system to adapt should be part of its resilience, but not part of a vulnerability approach. Resilience shall therefore be a function of adaptability and vulnerability:
resilience R ¼ f ðadaptability A; vulnerability V Þ Following a risk hazard approach used in this context, vulnerability is the set of system-inherent properties that have the potential for harm (Cutter et al., 2008) . Vulnerability is the property of a system before an event (surprise). Adaptability, on the other hand, aims to reduce the effects of events that have already occurred or increase the potential to react to expected events by exploiting chances and opportunities.
Resilience results from the relationship between vulnerability and adaptability. In the scope of this paper resilience is formalised as the quotient of adaptability and vulnerability. Indicators of highly resilient systems are consequently those with high adaptive capacity or little vulnerability against single or multiple events. Resilience, in this respect, is dynamic and contains a strongly innovative component which is necessary for adapting to expected results.
Increasing adaptability or reducing vulnerability causes higher system resilience (see also the definition from IPCC SRREN above).
It is thus proposed that resilience be expressed as: bA gV D Weights of the indicators are denoted g and b, weights of the respective dimensions are denoted a. As resilience (aside from its traditional usage in material sciences) is merely a metaphoric concept, a single measure or indicator of resilience would seem abstract. It is therefore suggested to keep two different indicator sets for vulnerability and adaptive capacity at all times, to make the underlying assumptions more comprehensive. Dimensions (D) of resilience are sub-systems of the assessed systems. For example, following a common sustainability assessment structure, this could be a social, economic, and ecological dimension. Alternatively, with respect to energy systems, it may entail oil, coal, and gas infrastructures. Finding an agreement on dimensions for structuring of the indicators is a central task within this approach and should be carefully considered, as it influences the further selection of the indicators which are to be identified in a next step.
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Note that dimensions do not necessarily imply that all vulnerability and adaptation indicators need to be applied to all dimensions. Several methods for weighting of the indicators exist, the most simple of which being equal weights or a scale normalised for maximum indicator value (Scholz and Tietje, 2002) .
From concept to understanding core drivers of resilience -defining resilience indicators
The terminology can be further developed by increasing the resolution of the determinants of resilient systems. The properties of resilience, according to Tierney and Bruneau (2007) , can be set in relation to vulnerability and adaptability. However, there is no strong relationship between the resilience properties and the classification of indicators (shown by the dotted line Figure 3 ), which should be made on an individual basis. In examining the attributes and determinants of resilience, the Multidisciplinary Center for Earthquake Engineering Research investigators developed the 4R framework of resilience (Tierney and Bruneau, 2007) :
(1) Robustness. The ability of systems, system elements, and other units of analysis to withstand disaster forces without significant degradation or loss of performance. (2) Redundancy. The extent to which systems, system elements, or other units are substitutable; that is, capable of satisfying functional requirements if significant degradation or loss of functionality occurs. (3) Resourcefulness. The ability to diagnose and prioritise problems and to initiate solutions by identifying and mobilising material, monetary, informational, technological, and human resources. (4) Rapidity. The capacity to restore functionality in a timely way, containing losses, and avoiding disruptions. Norris et al. (2008, p. 131) revised the "4R" properties and defined similar attributes, leaving out resourcefulness ("critical thinking") due to its more static approach. The abovementioned terms can be thought of together as a resilience tree for identification and classification of indicators. Robustness and redundancy are properties that have no, or merely a minor, time component and are related to the ability to withstand potentially harmful events. Resourcefulness and rapidity have a stronger time component and point to the ability of a system to react or adapt. To identify a valid set Exploring the concept of resilience of indicators for system resilience and to cluster them according to their focus into adaptation and vulnerability, these properties of resilient systems found a good starting point for discussion.
Case study -resilience of energy systems In the scope of the PRESENCE project carried out at the Vienna University of Technology, recommendations on pathways for how to increase the resilience of the Austrian energy system in the light of climate change, demographic trends, technological change and eventual energy crises, and shocks are developed. During the course of this work, an indicator set for resilience has been developed along the pathway laid down in this paper. In a first step, the interdisciplinary project team discussed their understanding of resilience. With respect to energy systems, after consultation of the academic literature, definitions focusing on the system's function -"the ability of an entity or system to maintain function (e.g. continue producing) when shocked" (Rose, 2007 ) appeared more applicable than others (used, e.g. also by Coaffee (2008) and Rose (2009)) .
A suitable definition found by the project team in the literature is thus : "The capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity, and feedbacks", in general, or as O'Brien and Hope (2010) frame it for energy (systems):
A resilient energy exhibits adaptive capacity to cope with and respond to disruptions by minimising vulnerabilities and exploiting beneficial opportunities through socio-technical co-evolution. It is characterized by the knowledge, skills and learning capacity of stakeholders to use indigenous resources for energy service delivery.
In the scope of the project, it has been agreed to use only a singular dimension. However, dimensions have been discussed around a concept for energy system resilience by Coaffee (2008) . In this context sustainability and security have been identified as two dimensions of resilience which, with respect to the energy systems, can be understood as a sustainable, more autarkic, energy supply, making the system more secure in the occurrence of environmental shocks as well as terrorist attacks on the energy system. Coaffee argues that synergies between the isolated policies of increasing security and sustainability can be merged in an integrated resilience policy. A further approach which was discussed was to define the specific primary energy carriers as dimensions.
The discussion around the 4R concept was found to catalyze the identification of indicators and guide to a quick classification into a set of adaptability and vulnerability indicators. A selection of indicators can be found in Appendix Table AI .
The importance of learning resilience Along the methodology outlined in this paper and exemplary described for energy systems, a learning process can be designed, that fosters in depth understanding of resilient systems. Resilience itself is a learning process and resilient systems are self-learning systems trough their ability to adapt to a changing environment. Adaptive capacity is an essential part of resilience. By learning how to be more adaptable, systems are better equipped to respond when faced with some sort of surprise. Resilient systems utilise these surprises as an opportunity to explore new METJ 7,2/3 system states. While some systems may be tipped by abrupt changes, highly resilient systems are able to adapt and thrive.
This also holds true for personal learning processes. The important lessons individuals, as part of a resilient system, can learn, are to improve individual resilience along the properties of resilient systems and utilise surprises as an opportunity to explore new trajectories. Resilient individuals have the capacity for successful adaptation, positive functioning, or competence despite high-risk status, chronic stress, or following prolonged or severe trauma (Egeland et al., 1993) .
As pointed out earlier, resilience is dynamic and ultimately changes on different temporal scales. Individuals can also derive from resilient systems how to cope with surprises that unfold on a timescale that is beyond our life-long learning process and thus can help us to improve our understanding of how to adapt to newly emerging patterns. Teaching resilience can raise the awareness of non-linearities (or tipping-points) in ecological and socio-economic systems and the necessity of preparedness for coping with the unexpected. The proposed indicator approach is a step towards an analysis of principal drivers of resilient systems that will ultimately lead to a better understanding of complex systems and in turn help learners to improve individual resilience.
Conclusion
The concept of resilience has emerged relatively recently in scientific discourse. It has been refined from its original use in material sciences, first taken up in ecosystem sciences, and is now used in a wide range of scientific disciplines. It can be rendered as a "collection of ideas about how to interpret complex systems" (Wilson, 2012) . Resilience is interlinked with adaptive capacity and vulnerability and in this paper it has been argued that resilience, as the overarching concept, is a function of adaptive capacity and vulnerability: resilience R ¼ f ðadaptability A; vulnerability V Þ Resilience can foster the understanding of systemic thinking in uncertain "post normal science" where a changing environment is given, systems are too complex to understand or map all interdependencies and change is the normal state.
Resilience itself is a learning process that can help us to improve our understanding of how to adapt to newly emerging patterns. The methodology for a resilience assessment outlined in this paper enables the defining of a resilient system's indicators, helps to understand system properties and can enable guidance to be given on how to improve system resilience. 
